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INTRODUCTION
and classify transmissible plasmids. This method revealed the abundance of MOBQ4 plasmids in clinical isolates of enterobacteria (5, 6) , previously unnoticed by other plasmid typing methods. Whole-genome sequencing of clinical E. coli isolates also uncovered the presence of this kind of plasmids (7) (8) (9) . Prototype plasmids pIGWZ12 and ColE9-J (ColE2-like) cluster within the MOBQ4 clade. They are stable, theta-replicating, high copy-number, narrow host-range plasmids, whose replication systems have been extensively studied (10) (11) (12) (13) (14) . Here, we uncovered the diversity of MOBQ4 plasmids, determined the helper conjugative plasmids responsible for their dissemination, and established their orthogonal behavior in terms of stability and transfer. Information S1). The MOBQ42 backbone was obtained by PCR amplification from the E. coli isolate HUMV 04/979 (6) , which contains a ColE9-J-like plasmid (coordinates 1814 to 6114 of the sequence in Supplementary Information S2).
It was joined to a chloramphenicol resistance gene (coordinates 272-1072 of pSEVA311, GenBank Acc. No. JX560331 (17)) and mCherry fluorescent protein gene (cfp, coordinates 1092-2117 of pNS2-VL (18)), rendering plasmid pRC2 (see Supplementary Information S2). MOBQ4 vectors lacking the mobC ORF (from start to stop codon) were constructed by self-ligation of a single PCR fragment from either pRC1 or pRC2, generating plasmids pRC3 and pRC4, respectively.
Additional plasmids were constructed to delimit the oriT region. A schematic representation of the fragments included in each construction is depicted in Supplementary Table S1 . They were tested as helpers of MOBQ4 plasmids in surface mating experiments, following the procedure described by (21). Briefly, donor and recipient strains were mixed in a 1:1 ratio, deposited onto an LBagar surface and incubated for 1h at 37C (except when drR27 was used as a helper, in which case matings were carried out at 25C). Then, the mixture was resuspended in LB and plated in the presence of appropriate antibiotics. The homologous sequences were aligned using MUSCLE (23). TrimAl v1.4 was used to calculate the average identity between sequences in the alignment (24). ProtTest 3 was used to estimate the best model of protein evolution for our set (25, 26). RAxML version 7.2.7 (27) was used for phylogenetic reconstruction. Using the JTTGAMMA model ten maximum likelihood (ML) searches trees were inferred and support values were assigned to each node of the best tree from 1000 bootstrap searches. Relaxase of the pXF5847 plasmid (GenBank Acc. no. YP_009076807.1) was used as outgroup. 
RESULTS

Analysis of MOBQ4 plasmids. The phylogenetic tree of MOBQ4 relaxases
shows that they constitute a well-supported clade, which is in turn divided in two groups, MOBQ41 and MOBQ42 ( Figure 2 ). The reconstruction was based on the first N-terminal 300 residues of MOBQ4 relaxases, which contain the three relaxase motifs ( Figure 3A ) and share 84% average amino acid identity (97 and 90% for individual MOBQ41 and MOBQ42 groups, respectively). Each MOBQ4 subclade groups highly related backbones ( Figure 2 ). MOBQ41 are cryptic, smallsize plasmids ( Supplementary Table S2 ). Their backbone contains only four genes encoding a replication initiation protein (Rep), a relaxase (MobA), a putative relaxase accessory protein (MobC) and a hypothetical protein ( Figure   2 ). The genes for the last two are generally not annotated. Besides the replication and mobilization genes, MOBQ42 plasmids also contain a colicin operon, including colicin, immunity and lysis genes, following the synteny of Group A nuclease colicins (30) ( Figure 2 ). Plasmids ColE9-J and pO111_4 contain a second, partial colicin operon. The MOBQ4 subdivision in two relaxase groups matches with the presence of two different replicons ( Supplementary   Table S2 ). MOBQ41 plasmids encode a replication initiation protein that belongs to the Rep_3 superfamily (pfam PF01051), while MOBQ42 plasmids encode ColE2-like initiators (pfam PF03090 + PF08708). Thus, at least two plasmid species are included in MOBQ4, according to the criteria established by (31) . Stability and co-residence of MOBQ4 plasmids. To study the MOBQ4 plasmids, two synthetic plasmids were constructed, pRC1 and pRC2. They included the replication and mobilization modules of MOBQ41 and MOBQ42 backbones, respectively. Antibiotic-resistance (AbR) and fluorescent protein genes were also included as reporters for the stability and mating experiments.
Plasmid stability was assayed in recA + and recA -E. coli strains, containing either one or both plasmids (to test for stability and incompatibility, respectively). In all cases, the percentage of plasmid retention in the bacterial population after 80 generations was 100%. Thus, besides stability in E. coli, both MOBQ4 plasmid species exhibited full compatibility. Both MPFI plasmids (R64drd11 and pCTX-M3) mobilized MOBQ4 plasmids efficiently. The highest mobilization frequencies obtained for both MOBQ4 plasmids, pRC1 and pRC2, were achieved by using R64drd11 as a helper.
Besides, the mobilization efficiency of the MOBQ4 plasmids in relation to the transfer of the helper conjugative plasmid was also the highest for R64drd11 ( Figure 5 ). So, R64drd11 was the most efficient helper plasmid.
To test whether the mobilization of the MOBQ41 plasmid was affected by coresidence with a MOBQ42 plasmid and vice versa, pRC1 and pRC2 were introduced conjointly with the helper plasmid (either pRL443 or R64drd11) in the same host. The values obtained for pRC1 and pRC2 mobilization when residing together in the same host did not differ significantly from those obtained when only one of them was present in the donor cells ( Figure 5 ).
mobC deletion effect in the mobilization efficiency. To check whether
MobC plays a role in the MOBQ4 plasmid mobilization, mobC deletion mutants were constructed from pRC1 and pRC2, respectively producing pRC3 and pRC4 ( Figure 1 ). A moderate decrease in mobilization was observed in the mobCvariants (two-log reduction for pRC3 and one-log for pRC4, when using R64drd11 as a helper ( Figure 5) ).
In trans mobilization of oriT_MOBQ4-containing vectors. The 178 bp
intergenic region comprised between the mobC and mobA genes of MOBQ4 plasmids was assembled with an oriT-lacking fragment of vector pSEVA631.
The resulting constructions, pRC7 (for MOBQ41) and pRC8 (for MOBQ42) (Figure 1 To further delimit the oriT of MOBQ4 plasmids, the 178bp oriT fragments cloned in pRC7 and pRC8 (see Supplementary Figure S1 ) were subdivided in two portions, one containing oriT nucleotides 1-70 (pRC11 and pRC12) and the other containing oriT nucleotides 71-178 (pRC9 and pRC10) ( Figure 1 and Supplementary Figure S1 ). Disruption of the 178bp oriT region resulted in a drastic loss of conjugation efficiency ( Figure 6 ).
The MOBQ4 relaxases were also tested for their specificity to act on a noncognate MOBQ4 oriT. Mobilization frequencies of oriT_MOBQ42 plasmids pRC6 or pRC8 by the MOBQ41 plasmid pRC1 + R64drd11, as well as oriT_MOBQ41 plasmids pRC5 or pRC7 by the MOBQ42 plasmid pRC2 + R64drd11, were similar to that obtained for the cognate systems ( Figure 6 ). (3). In the referred study, many MOBQ plasmids were not ascribed to a specific subclassification due to either low resolution of the clades or lack of information on the plasmid members. Here, we focused on one of these poorly defined clades, now named MOBQ4, prompted by the fact that these relaxases have been recurrently detected in enterobacterial clinical isolates (5) (6) (7) (8) (9) .
MOBQ4 relaxases formed two clusters that correlated with the presence of two different replicons, thus containing at least two plasmid species as defined by (31) (Figure 2 and Supplementary Table S2 ). Plasmids pIGWZ12 and ColE9-J exemplify each cluster. They are stable, theta-replicating, high copy number plasmids (15 and 10 copies per chromosome molecule, respectively (34, 35) ).
The origin of replication of plasmid pIGWZ12 was located upstream the rep gene. It contains iterons, an A+T rich region and four DnaA boxes (10, 11) . The iterons were found to be the incompatibility determinants (10) . The corresponding replication initiation protein belongs to the Rep_3 superfamily (PF01051) (11) . ColE2-like plasmids, such as ColE9-J, form a group of closely related elements that share an identical priming mechanism, mediated by the plasmid-encoded Rep protein (13, (36) (37) (38) . The origin of replication consists of 32 bp located downstream of the rep gene, containing two directly repeated sequences (12, (39) (40) (41) . In ColE2-like plasmids, the rep gene expression is post- transcriptionally controlled by a plasmid-encoded RNA (RNAI), which binds the untranslated 5' region of the rep mRNA, preventing its translation (14, 35, 42) .
MOBQ42 plasmids contain a cer-like site (38) , an indication that they profit from a host site-specific recombination system for resolving multimers to monomers as ColE1-like plasmids do (43) (44) (45) .
Completely sequenced MOBQ4 plasmids all originate in Enterobacteriaceae family hosts ( Supplementary Table S2 ). They were isolated from different produced by this strain, suggests that pDPT1 conferred a beneficial function to its host (56) .
To get insight into the MOBQ4 family, mobilizable synthetic plasmids based on two prototype backbones (pE2022_4 from MOBQ41 and ColE9-J from MOBQ42) were constructed (pRC1 and pRC2). They included the natural replication and mobilization modules, and AbR and fluorescent protein genes as markers.
Firstly, they were assayed for their maintenance in the bacterial population.
Stability experiments indicated that MOBQ4 backbones were highly stable in E. coli (100% retention in 80 generations) despite the cargoes loaded in plasmids pRC1 and pRC2. Furthermore, both plasmids were 100% stable when replicating in the same host cell, which indicates that they are compatible and do not interfere with the stable vertical inheritance of each other.
Since mobilizable plasmids do not encode the mating pair formation system neither the T4CP, their transfer relies on auto-transmissible plasmids. We wondered which conjugative plasmids could be responsible for the dissemination of MOBQ4 plasmids. Not all conjugative plasmids are equally efficient at supplying these functions to a specific mobilizable plasmid (57, 58) .
The contacts established between the relaxosome of the mobilizable plasmid and the T4CP-MPF of the helper plasmid are crucial in the transfer process.
ColE1-like MOBP5 plasmids are efficiently mobilized by IncF-MOBF12 (e.g. F) and
IncI1-MOBP12 (e.g. R64drd11) plasmids (58) . IncQ1-MOBQ1 plasmids, such as RSF1010, are transferred by IncP1-MOBP11 helper plasmids (e.g. RP4) (58, 59) . no homology to other RAPs (by using PSI-Blast). Here, we demonstrated that they are not absolutely essential for MOBQ4 plasmid mobilization. Nevertheless, mobC deletion resulted in 10 to 100-fold reduction in MOBQ4 plasmid mobilization frequencies ( Figure 5 ). This is an interesting difference to other plasmid groups, which should be further investigated. It is conceivable that some MOBQ4 plasmids can be found, the mobilization of which is independent of RAPs.
We delimited the oriT of MOBQ4 plasmids to the 178 bp intergenic region between genes mobC and mobA (Supplementary Figure S1) . oriT-containing plasmids (pRC5 and pRC7 for MOBQ41, or pR6 and pRC8 for MOBQ42) were mobilized by the relaxase proteins provided by the corresponding mobilizable plasmid (either pRC1 or pRC2) and the T4CP+MPF functions of the helper plasmid (R64drd11) ( Figure 6 ). Disruption of such 178 bp segment resulted in a drastic loss of conjugation efficiency of the oriT-containing plasmid, as previously reported for pIGWZ12 (10) . Furthermore, MOBQ41 relaxases were able to recognize and process the heterologous oriT_MOBQ42 with the same efficiency as the cognate oriT_MOBQ41. The same situation accounted for MOBQ42 relaxases ( Figure 6 ). These two oriTs showed 10 differences in their 178bp sequence.
Remarkably, MOBQ4 relaxases showed a cis-acting preference for their oriTs.
They acted at least 500-fold better on a cis than on a trans oriT substrate ( Figure 6 ). The cis-acting preference is a characteristic exhibited by some DNA- Notably, all plasmid-encoded cis-acting relaxases have been reported in members of the MOBQ class: TraA of plasmid pRetCFN42d (MOBQ2) (74) and TraA of plasmid pIP501 (MOBQ3) (75) . The MOBP relaxase of transposon Tn1549 was also found to be cis-acting (76) . Nevertheless, other MOBQ relaxases, such as Nes_pSK41 (77), as well as MobA of plasmids R1162 / RSF1010 and pSC101 (69, 78, 79) worked efficiently in trans. The cis-acting preference of the MOBQ4 relaxases implies that when two MOBQ4 plasmids are present in the same cell, the contribution of oriT cross-recognition by the heterologous MOBQ4 relaxase to plasmid transfer is not substantial. This feature could be essential to guarantee their efficient transfer, given the fact that both types of MOBQ4 plasmids use the same repertoire of conjugative helpers. Fig. 6 
CONCLUSIONS
